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'T'WO-STAGE SUPERCHARG~NG"

.',

By Richard S. Buck
r. ~.

SUMMARY·

: .

o : .'

,The ~rrangement of the parts' and the installat~on and
control pro'blems of two-stage m'echanically'driven super
chargers, for aircraft engines a r e d'i.sc.u·sscd. ,Unle'ss an
en t irely new 1'0 rm of, supe-r'char'ger is, d e.v-eLo p ed, the;r e will
be adefi:qite need. for a two-stage:,centrifugal super.charg
ere "It :i,.s shown that the two'-st'a'ge mechanically driven
supercharger itself is a c0n:'-~a.~ativelY simple, d.e v Lc ej the
compl,ioations arise from th'S addition of intercoole!s. and.
controls. ,'- ,

I NT RODUCT I 0 liT

, '

Flight at higher altitudes has become a definite
trend. The pressurized cabin for transport :'a-"frplanes has
removed the limit·o~~ltLtud.e ~hat results from the dis
comfort' oftha'passengers; m-i·litary airplanes are, ~,ei.D:g

fo rc ed, t 6 'go ever h ighefr to ma int a in a'!. r supremacy. I:n
aircraft-engine d.e~ign modern fuels permit the use of in
crease~ power by in~reased ~otational speed and super
eharg~r boost; Themot-s the engine is boosted t.o make its
rated p~wer'; th~' lower:~ill b~the ~~itieal aliitude of
the supercharger', The 'G,ombi,~ation of higher o.ltitud,es and

'more boost means that the s~percharger will be called on
tod.o much ni'fre wor'k 'than ''in present-day design:. -.. . ~ . .

."-.

Be c a u a e s'o'-,f-ew f'undainen tal 'fact s are known about the
cc mp r e'e e c r , the"fllture- limitation 'of a. sin-g,le-stage com
p'r'es~o'r 'cannot '.be· l?r'ed,ict~d:. '. It is a known :fact that
th'ere i's a mar'ked. -tendency for, the compressor efficiency
-t o " fall' o'ffa't: td.p' speeds. gre-e:te'r than 1300 f,eet per
second. The e.p.p r-o x Lmace l'imi-t 'of' current' supercharger
performanc~ when runn+ng at t~p speeds of 1300 feet per
s e oo nd is shown~bythe,'1;.o,we·~ eurire· 01' .. fig·'\.lre, 1 ;in which
the ·m~:iimuma~talnab-le'·'a1.titud.es,ar.e'plott.ed agai,nst
ma'n'i:foldpres·s'ures. "-Ma-nifoTd p.res'-sures greate'r ,t.han 50

s. _ • •.•' 'L ......... : :
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inches of merc~rf are” illo&eri on some O-f the present air-
craft engines four take- of fl and “short #_eriods. The curve
indicates that an altitude less+ than -~000 feet Is all
that can be attained with a“’&~ng~”e-stagg supercharger
under these condition&.

.’

When higher altitudes are desired, another stage of
supercharging must be added in series with the first” stage;
the resulting combin&tion is a two-stage supercharger.

,..,

With each impeller operating at a tip speed of 1300 feet
per eecond, the two-stage supercharger can. deliver the
performance shown by the up”p6r .cqrve of. figure 1- “The
altitude lim,it ie raised froin 1,+,000 ,to 32,000 feet at a
manifold pressure of 50 inches Q“f”mercury. The values
shown on” both eurvas are bas~d on c“arta~n arbitra”$y as-
sumption. that are open to sQme controversy be’cause im-
provements in supercharger perforrnarice aro continually
being made. A much g’reate~ increase in efficiency than
is believed possible at th~ present time,would, neverthe-
less, be required to increaee materially the altitude
limitations-of the centrifugal .supercharger~.

ql,vo.sqAGE fj~pERcHARG~Rs

Many factors have to be considered in the choice be-
“tween single-stage a,nd two-st~ge superchargers. Engine
power ie controlled by the manifold density rather than
the manifold preeeuie so that “either power or critical
alti.”tude can be increased witti’eithen ‘eijgle-stage or two-
stage arrangements by the addi$ion of intercoolers, In-
tercoolers increwse the drkg and, the wei-gnt and mU1’tiPIY
the installation problems; but,, if- i.nsta”lled between
stages, Intercoolers. also ‘d~oreaee the Puower reqnired”t.o
drive the second stage” of the two-stago supercharger.
There ie no definite altitude, above ,whi.c~ the two-etage
supercharger mus-t bg used for. be-et airplan.e ..performanc Q
and, for a range of about 3000ejfe”et altfiude above or be-
low the limits of a single-stage. gup’eich+arger, tho choice
is a very difficult one, If maximum &trplane performance
is demantid AbOve this al”ti’tude ranq~j hgwev@r, Q multi-
stage eupercha.rgqr. must be used’.” .“:.

The first stage of a“ tw6kstagii-supercharger may be
driven eikher. by an exhatist””t”urbine or “q”&cha.nically by the
engine through gearing; Most of the--problems relating to
the superchargers themkelvee are the Bame for both types

<.
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and the relative merits of the type of drive will not be .
discus seal.. Both types take, energy f~om’the engine and

. any comparison should be basqti on:which type utilizes
this energy more efficiently in propelling the airplane.
The final comparison is complicated by the fact that the

.. turbine-driveu supercharger takes little- rower from the
engine and the mechanically driven supercharger leaves
more energy in the exhaust for jet propulsion.

*

.4

General Classifications

Two-stage superchargers can be built in many ways;
to enumerate all the possible combinations of air passage,
drive, and control would be very confusing. Any super-
charger cab, in general, be described by reference to the
following factors:

---

(1) The path of the compressed air

(2) The method of driving th~ impellers or control-
ling their speed

..

(3) The met”hod of controlling induction-air preseure
an’d temperature.

The most common arrangements of two-stage supercharg-
ers will be described with reference to the foregoing
three factors.

-.

Arrangement of Air” passage

The air passages in a supercharger are part of the
engine induction system and the terms I)&ir ~assagell and
IIinduction system” hay be used interchangeably . The in-
duction system may contain air or a mixture of air and
fuel and may be called either the ‘Imixturett or the
‘1charge. II The engine air is drawn into the induction
system and becomes the mixture or the charge-after the
‘fuel is injected Into it.. In the- following paragraphs,
however, either the “mixture or only the “air tii.11 be termed
11engine airll tb simplify the description of the various
supercharger arrangements.

..

,. ,,.

One of the simplest forms of two-stage superchargers
is the conventional type shown in figure 2. The air enters
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..-the first stage, is compressed by the impeller, and its
.

energy is partly transformed from..kin.etic to pressure
energy in the diffuser, The air has to flow over a lip
before entering the second-stage impeller and, because of
this action, the term Ilcascade’f has been suggested for
this type of supercharger. The air passage from the firet-
stage diffuser to the entrance of the second-stage fmpel-
ler is sometimes made a. continuation of the first-stage
diffuser,

The engine air leaving the second-stage supercharger
discharges either into a collector chamber or into scrolls,

depending upon the type .of-.ezrgine employed. Radial en-
gines require collectors because intake pipes are used
for each one or two cylinder~. Scrolls may be used where
discharge is into manifolds in which the flow is compara- -
tively steady. The fuel may be introduced by a carburetor
located either at the.entrance to the first stage in the”
same manner ns with a single-stage supercharger or be-
tween the second-stage discharge and the engine cylindere, -

,,

There -is insufficient room for the inter-coolers betvnn?n .
the two stages, but intercoolers may be located between
the secon~-stage discharge and the cylinilers.

●

In this
type of installation the fuel is normally injected into
the engine alr after the intercoolers in order to avofd
passing the fuel through the $ntercooler-s,

In two-etage superchargers designed for radial air-
craft engines it is generally inconvenient, to Frovide
int.ercoo~ing between the second-stage supercharger and
the cylinder intakes, Intercoolors are therefore in-
stalled between the first and the second stages. Less
heat is removed from the engine air by Intercoolers in-
stalled in this location than when” they..ar= installed
after the second stage because the temperature difference
between the cooling air and the engine air is less. This r

shortcoming is partly redeemed by the fact that the power
required to compress a- given amount of air ie proportion-
al to Its absolute temperature; cooling the air ahead of
the second-stage supercharger therefore reduces the power
required by this supercharger. If weight. were of no im-
portance, t,h.e highest engine Fewer would be obtained by
installing intercoolers in both places, that. is, between
the first and the second stage and after the sec~nd stage, . .

,

Such an arrangement is considered impracticable at- the
present time because.of the weight and the installation
problems involved. c

1
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. . .
Figure 3 i$ ~ diagram of a supercharger with separat-

ed stages .whic,h,is the type usually used on radial engines.
In the cascade type, previously described, the’ air leaving
the first stage discharges directly into the seco~d stage,
whereas with the separated type the first stage discharges
into a duct permitting the use of- intercoolers between the
two stages. The impellers may be placed front to front,
an arrangement that., a,s shown by the diagram, permits a
somewhat more compact arrangement--of- inlet ~assages than
the cascade type and saves some over-ali length. The
first st=ge, of this supercharger is sometimes called the ..
auxiliary stage because it may operate .iridependently of
the s’econd stage, which is adjacent to the engine. Air
leaving the auxiliary stage is leci~through ducts to the
intercooler. When ft leaves the ~ntqrcooler the air is
conducted to the carburetor’, which controls t)ie injection
of fuel and is usually located just ahead of the second-
stage supercharger.

The eec”ond-stage supercharge? is $ometimes called
the main stage because it may function alone in the same
manner as the supercharger of a’ single-sta&e engine.
Either one or two intqrcoolers mciy be”used, depending
upon “the number of outlet connections fro,m”the auxlliary-
stage supercharger. If. two inter”c’oolers are used, the
air from eat-h--intercooler, can ‘be me”rged just ahead of the
carburetor.

. . . .:,.
The arrangement of air ~a~;sa~’bs may be” the same with

,.

the exhaust turbtpe-driven suFerch5r’&er::as with the aux-
iliary supercharger just desc~ibe~.” Tli6 chief difference
between the two t’ypes is in locatioti;’the eizhaust-driven
impeller’usutilly ,tiet~g lo~ated.wtth the”’a’xis of its shaft
at right angles.”t.o. .tqa.t.of .,th’sengine. - ,.

,.- ,...

With the separated supercha”rge’r “arrangement, it may
be desirable to shut off the first’ “s”tage du.r.i:nglow:
altitude operat”ig,n. . It. is then ndeessary’ t“o”take the
engine air from .betw”een the two stages’ through inwardly
opening .suction.y,alves as shown in “figure 3. because, with
an impeller at rest or turning,iltiwly, considerable air-
pressure loss will” occu”r,when the quantity of ,a~r neces-
sary for normal” ,power is taken throu~”h t~e’.impeller and
the ‘diffuser pa$.sages. These. .suati.o”zi-;v”a”lves will open at
any time t’~at the atmospheric ~r.essuie exc,eeds the pres- .
sure ins,ide the’ engine-air. passages, and this oondition
will usu’ally occur when the first--stag”e supercharger is
turned off or throttled. Under these conditions the
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engine operates as though it had only a single-stage super- . -
charger. “These suction valves alsd act. as- relief valves
to prevent the interstate dticts from collapsing when the ,

first-stage valves area clbsed.”?

Method of Drive . .

The two superiiharger impellers may both be mounted .
.

on the.same .shaft.ar each may be’ mdunted on a separate
shaft . In ei.ther” case”;. the impeller& must be driven at
speeds between 6 and12 t.imes, the crankshaft speed. This -
high speed is usually ubtainad thropgh stop-up gearing
from the crankshaft, “and clutches may be used to vary the
speed as desired. “Figure 4(a)’ ehdwG two impellers mounted
on the same shaft and driven by”gearing from tl,e end of
“the crankshaft. Figure 4(b). shows a diagram of an ar-
ran-gement whereby the impellers are mounted on separate
shafts, each driven by its own gearing.” The first-stage
impeller is dr~ven:through..clutches th~~ provide two

.

speeds and a .zieutrdl-positioni : The purpose “of this ar- .
rangm~nt is to ~ed:uca t:he power “required to drive, this
first-stage supercharger when it ~s not- needed.

4“
The

second-stage imp’eller is driven from”the crankshaft
through fixed-ratio gears. With the first stage in n“eu-
‘tral, engine air is obtained through the suction valves
locate~ between the two stages, as Frev-iousl;y mentioned.

The ideal form of” sup:e~ehai’ger. drive iS one permit-
ting am inf:”iqitely vartable speed witho”~t the necess.i%y
for su’ddem ‘shiftti;f.tiam~.one epeed to the next. With this
drive, the :imp~.l”ler tiu’rns onl”y fast enough to supply the
air .ccmpressi’on :tie”qu’i-redby the engine, There are “several
definite advantages “of’.ths “vkr”ta”bl”e”-.~”pe-eddrive: Fir’st ,
owing to tts lower speed, it reduces the power required
to d:riv”e the supercharger “wheh below” its critical alti-
tude; ,eeco”ntt, .it Iewers t“he diichar’ge t“emper-ature for ‘the
Same” reason;’ a.~d,::third, it’ si”mpl”ifi.es the engine corn-’
t;r’ols, as wi.1.l.be describe~ .la”ter. It can be used to

., ‘good advantage an the. single-stage, the casd. ade -type of
.,tko-s,tage, . “cr.tha f;trst. s%age of the separated type of
two-stage “supe.~ch&rger”. The mecha~ical difficulties in-
Volved in devel.~p’i.fig~a.“successful variable-speed drive to
transmit sever”al hnn.d.Y.u& horsepower and still be light *
enough for inst.allat:io.n’ in, an aircrhft engine can be iinag-
ined . There ar”e-re,Forts of: th”is -work being done, ho-w,ever,
so it is probable that’it will be~otie a standard installa- .*
tio~ in th’e “nea~..fu,tur~ o..
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The first-stage” supercharger xuay.klso be driven by
an e~aust. turbine~ whic”b gives an” infinitely variable
.speed as controlled by the”positionof. the exhaust waste
gate. Proposals,have beenmatle for positively controlling
ihe speed of, the: exhau$t-driven stipercharger by gearing
it to the engine but, as far as is known, no such instal-
lation has ~ve~. been made on.:an.aircraft” engine.

; . .. ... . ?:.- .. . ..
. . -., ,

,,Ind&ction~Air Control: :“:
...-

The pilot..can change the”power:of an-”aircraft- engine
either by changing the engine speed or the den&ity of the
air in the manifold. The engine speed can be controlled
by the p,ropelley gqvernor and. the manifold pressure can
be controlled by the throttle,- The.control of the engine
epeed ..bym.ea”ns of ‘t”he gove.rn~r.,is not ~u”i.’tahle-for quick
changes oX”’power because, the change in propeller pitch is

. too .S1OW an,d because the complete power range from idle
to full power cannot ,be covered, by means Q.fchanging the
pitcho Therefore’ t-be pilot selects the eqgine speed for
any type of op’eratio-n and do,es hi’s power changing by
means of the throttle. . .

Engine pow”e.r is affected both “by.manifold pressure
and manifold temperature,. and..it iS quite a problem to
keep these factors,at. the ,desired.values under different
flight ‘ko~ditionk. - lda”nifpld .p.r,essures and’ temperatures
may be, affec~ted-by th6.following: supercharger speed,
atmoepheri’c temp,qra~ure.j. altitude, ram,, and. throttle posi-
tion. W$th the” gxception’of the “thrQttl.ep6sitibn, ‘it is
desirable ~o. ~?ntrol,all..of these factors automatically
because qo’db,i~g. reliffves the .b~rden .om the pilot. Atito-
matic con~ro,l also prevents him, from accidentally” opening
the thrbttle””to such an extent t~at an excessively high
manifold pressure or tempe~ature is produced, ‘which may
damage the engine by overpower or detonation. In order
to obt,ain the most economical. operation’with rno.s-t”ltypes
of airplane, it .ie deeirable;to” h~ld the engine power at
definite values. These- values are determined by the type
of operation “desired. .. .

. .
,,”, :

In. ,airplanes that a-r.ehighly. maneuverable, such as
pursuits or fighters., the power m,ay be continually varied
over wide rangee~ and, in these cases,. it is ties-irable
merely t,o restrict the max.imurn power to. some safe value.
It is therefore’ o“.bv.iousthat the higher the potential

t~e more ne.csssa~y it is to provide asupercharging!
.J@=-mat’ic control- .
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There are innumerable ways of automatically control-
ling -the manifold pres sure., Most of these controls con-
tain bellows t-hat are sensitive to changes in pressure.
These bellows oper.atea servomechanism, which in turn
operates pn a throttle valve. On a single-stage super-
charger: or on a two-stage supercharger of the simple cas-
cade type where the carburetor is placed ahead of the
supercharger, the automatio control may act on the throt-
tle valvee located in the carburetor. In this type of
control the pilot eets the cockpit control to give a
certain ilesired pressure. The ~Utomatic–cent’rol then
operates the carburetor throttles to give the pressure
selected.,

\

,

Another method of power control is attained by in-
stalling autom-atically. controlled valves, ahead of the :
carburetor; This system is employe”d by-}he Pratt &
Whita~. Automatic Power and”’llixture Control arid may be .
used. with carburetors that have no” compensation for vabia-

. . .

tions in pressure and temperature; “The-diagram of a two-
stage su-percharg~r employing th$6 control is shown in .
figura..5. It can be readily” seen that a considerable var-

.

iati.on in pressure and density is “possi’ol&’ in the air duct
containing the between-stage suctl’on valve. When th~s
valve is openeti, the pressure in the. duct. varies with
changes in atmospheric pressure, and..,’without the automat-
ic control valves ahead of the c,arburq,tor~, this action
would upset the carburetor metering as. werll as’ change the
engine power. The control unit mq~. b’e provi”ded with a
selector valve to perm”it the pilot: to- chuo”se the combina-
tion of pressure” &nd” fuel flow ‘d”esir.e”d’.For take-off, a
high ‘presstire a.tid,.arich mixture are ,.d-es~red; whereas, in
cruising, “a ~owei p.res,sure .,an’da’ lesner’ mixture may be
necesshry. ~hq .carbu~.et,Qr mixt~,re “may be coordinated with
the selection .o,f.p,res,sure .~y”.rnean,soi:fu”el jet-s-opened and
closed with the .se.leato~ “.%alve. “

.

.
The .operatio+.o$ ,atiwo<”stage ~~~erch.arger equipped

with automatically controlled tnr”ottle va”’lves ahead OF
both the first-stage ~rla:,~~e Secotid=,&tage superc~rger 1
will be explained by referefice to f~gu.$e..~. “The first-
stage throttle valve is l“ocated immediately ahead .of the
first or the auki,liary-a?tage ~uperc~a~g~r, and t~e second-
stage.throttle. valve i“s,,lQ’&ated, immedia$91y a~_~~d .of tbe *

ccirburetor. A bpllow’s s.ens~t:iye to””~-~pre$sure at the )
...c~rbu.retar .entranc.e .operat,’~6,a .f]oati~g,p~ston through an

oSl se~vomechan.is,m?. :Thik’ p~sto,p”,~p.er”@te-s-both the first-
●

s.tage..pnd..the ~eco.nd-.s,%’a~.e,,%”hxo”t~tlevtilveti $s follows:,, ,
. .



.
With? the. p’i.ston”at the’ bot.torn of i.tia””t-ravel, both valvba
w~ll~,d,be closed.-. At’ lQW alt i’tud~s> the valve. she-ad of
the. f,irst- stage ,sapercharger’ is. CID s.?d and the v’al”ve.
ahead .of the.,s.e~on.d:“~~age is regula.ti~g the. p“rassure at
the car bur.eto’r’errtrance-. As” the’ alt’itude- i-s inereis”ed, “
thb sesond- e Lage throt%l..e valve opens: and, ““when- it i.b

..wide. open, the..crttical ”’altitud.e of, the se&ond-s”ta&e su-
p=r’charger 2s reach e&. “-As the.’alt~tude %S further. in:
creased, tne first-stage valve starts to open and, if” the
first-stage supercharger is operating, the inwardly opening
interstate suction valve Will autr3mattcally. close” aS soon
as the pressure inside becomes greater than the pressure
out side . The next crit ical alt itude is attained when”- the
fiTst- stage valve is wide open.’ If the first- stiage super-
charger is shifted to a higher s~eed , the-first-stage
valve will partly close to kee~ the-pressure at the 6arbu-
.retor -entran~e. tit the same: cbnstant value.

.. The Fressures ahead of a modern .aircraft carburetor
de not have, to be m“aintainedat a constant value to get
correet fuel metering because the carburetor contains au-’

. tomiatic mixture control to compensate for v~riat ionsin 4
air fl;bw. Therefo re-, the second-stage throttle valve’ ‘“
.ahe=d of the carburetor can be ,~limina ted, and the pres-
swre -ahead of: the carburetor will-be-controlled by the
first-stage valve except wh”en’’tlie Lnterstage Valves are
open. Under these conditions the pressure at the carbu-

..retor entrance-will be governed. by atmo~pherlc conditions.
. . .... . . .,,..

Automatic control, if desired, can be. .petiformed on
the throttle valves themselves. Such.’an arrangement is -
diag”ram~atically shown in figure 6,.‘in which .the oo~kpi”t
throttle control is connected to one end of a lever and
the automatic cent.ro.l iS connected to the o“ther end - the
carburetor throt~l e~,,,i.tself being connected near the c’en-
tier. Operation-is eccactly similar to that of the “dkvipe
previously describe d. with t-he exce~tidnt hat the control
is” r’eepomsive ,,to and governs the:~resaufi6 after- the carbu-
retor inst gad of %efor.~ it. ““ “’ -.

).

From the point of view of the mechanic who has to
work on the aircrfit engin.q. and ,~ee,,-,.it.:inrunning condi-
tion everything should’le made as simple as possible; and
all automat ic gadgets such .~s mixture controls, pressure
control s,, an+,,,t~~%+~%ure :.~.o,n:rol,s+h.ould..b.e .~tlrely
eliminated. A$r.c$.af.?..,engines. we:~e.:bu%lt: ,i.nthis way 15
or 20 “years .a:~,a~,a~d, ..they.m~ght ~s:tiJ,l,:be.b~ilt in this
manner .,tf the-y w.e~e ~,not..:so highl-y, .,sup.&rGhar&ed,... .... ... . . In th”e
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follow lng~ c.ontrule a“re’nec.essary, .t.o govern and .lirni.t the
power of a highly supercharged engine: ,carburetor throt-
tles, first-stage supercharger’ throttles, supercharger-.
speed control, arid “propeller-governor control . All theee
oontro18 are simply for the purpose of controlling engine
power and, if ,the pilot had “to operate each one by hand,
he would have little time left ,to fly the airplane. Auto-
matic coritrals are practically essential on highly superc-
harged engines. ,.,-. . . . . .

.,. ,...

The.ideal automatic control would bea:combinatlon
bhat eliminates all but one control for the pilot to
o$erate. Suchcomb.ined controls have been worked out,
and their action depends upon the kind of engine opera-
tion desired. The cockpit quadrant should have two known
positions to start with: With the control lever all the
way back, the,engine should idle; and, with the control
lever all the way forward, the engine should” run at Its
maximum permissible power and speed,. The various controls
can be combined in numerous ways to suit the type of oper-
atiori desired. The propeller-governor and automatic-
tlirottle controls can be tied together so that the power
gra~ually tncreases ow$ng to the iocrease in eqgine- speed
-and manifold pressure as the control. le~er is’ moved for-
ward , If a variable-spee& supercharger drive were used,
it might also be coordinated with the other controls,

A few technical problems:will have to be solved be-
fore entirely combined engine controls can be made prac-
ticable. It is probable, however, that-they will be used
much more in the near future, particularly on highly ma-
neuverable airplanes,that fly at high al~t~tudes.

.!
A constant,air’ temperature. is:necessa.ryto maintain

constant engine power, although changes “in power cause@
by”.slight chatiges in enginb-air temperature are neither
harmful nor-noticeable as long as icing conditions are
avoided. For this reasontem~erature control is usually
made manual and is performed %y valves in
cooling-air duct,

,.

INSTALLATION P@3flL.ltMS
,,

. . . .“. ,.

The ins’t~llatibn of an eng’in&. with a
charger may differ from that. of “an ‘engin-e

the 5ntercool_er

two-stage super-
with a single-

stage. supercharger only in that the rear section is some-
what iOn~br, reqtiiring longer—engine “fiou.nt~. Intercoolers

.

,

●
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. .
may be needed, “Iidwever, “~fid this” requirement will ,bring
up some problems that are not” encountered:in Single-Stage

installations. It is rather difficult ‘to install an en-
gine with a two-stage supercharger in an airplane previ-
ously designed for an engine’ wit”h a s.ihg”le~stage-,super-
charger, if intercoolers are r+quir-ed., Not only can a
poor intercooler installation ruin the performance of the
engine, but it. can also” ruin t~e performance ‘of the air-
plane. The pr”oblem”s have be-en worked out successfully in

- several instances, h?wever, and it” is .believe& that iri
the near future experience in fligh$ And in the wind
tunnel will sol~e some of ttie ~roblems” and bring forth
certain rules that will permit the’ airplane manufacturer
to install ,engines with two-stage .s~perch”argprs with very
little mor-e difficulty than with- engines with single-stage
superc-hargers.

General

Thsre are
the two stages
percharger has

. .

Arrangement of Intercoolers and Ducts,.

several possible ways of interconnecting
of supercharging. If the first-stage su-
a single-outlOt scroll, a single inter-

cooler would.be used and” the installation would .be some-
what like that of the’,turbine-’dri’ven supercharg&r. The
engine air leaving the first-stage supercharger is “con-
nected by a duct to” the intercooler ‘afid then connected by
another duct to the carburetor. Another arrangement more
commonly used’ with’ two-s.t”age’ s~lperchargers is the use of
two outlets from the fir”st-e’tage” “supercharger, and two
separ~te intercoolers. The fir”st arrangement may be
better for large airplane installations where the inter-
coole.r is mounted “a”tso’me distance from the engine.. Nat-
urally a single intei=cooler”has to have about twice the
cubic capacity of each o“f” ‘thb “dual “i-ntercoolers,, and thus
a larger space must be”,found for” it i’? the airplane. The
dual-intercooler installation has been found wore desir-
able by most airplane “manufacturers; and this arrangement
is used in Fratt & Whitney” engiies w“ith tWO-8tage super-
chargers. :“ . .,, .

An installation diagram for an engine with a two-
stage supercharger is s-hewn in figqke i’. “The engine air
enters the first-stage “superchati~er fr”od the outside,
passes the first-st”age throt.tl~:”valve, and enters the
first-stage. impeller. After compression, the air leaves
the first-stage superdha”~ger from on”e’or two outlets
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although only one.’outlet is shown for the sake of clarity.
The air then passes”throu.gh the int”ercoo.lers and, If two

.?

are used, is merged ahead of the carburetor. When the
first-stage. supercharger

.-
is not running,. air is taken

through the interstate inlet valve as shown on the diagram.
This ~alve “1s lightly spring-loaded and closes Just as
soon as the pressure inside the duct is greater than the
atmospheric pressu’re. Beckfire valves should be installed
in this duct to prevent it from bursting in case of an
engine backfire. .If there is danger of carburetor icing, -
a preheater must be provided for the air taken through the
interstate valves. No preheater is necessary ahead of the
f“irst stage because the su~encharger its”elf will do all #

the heating necessary. . It may be desirable, however, to
provide %n the duct leadingto the first_ stoge a sprlng-
loaded valve that will open to the engine compartment in
case the duct becomes clogged with snow,.. -. -.

Types of Intercooler .

An Intercooler is a heat exchanger, and the name
I!intO~’~ooler!! was chosen because this heat exchanger was b

interposed between two stages of compression. The name
now has come Into widespread aeronautical use as meaning
any heat exchanger used for cooling the engine air, re-
gardless of its position in the inductlos system.

Like rafl”iators, intercoolers may be constructed in a
great many different ways, but so far most of them hav6
been made either out of tubes or out of sheet metal. The
tubular-type $ntercooler is usually constructed so that
the engine air flows through the inside of th=e tubes and
the cooling air over the outside, although in%ercoolers
have been made in which the reverse is true. The ends” of
the tubes may either be expanded to a hexagonal shape so
that they nest together like a honeycomb,” or the tubes
may be fastened in a header as in boiler construction.
Figure 8 shows an early tubular-type inte”rco’oler installa-
tion in which the engine air flows over the outside of
the tubes, from the bottom to the top of the core.

The heat transfer from t,h”eengine air to the cooling
air is through the walls of the tubes and, since the walls
are thin (usually less than 0..01’0 in.) , the coefficient .

of heat transfer of the tube material has littl”e e~fect
.%

upon the efficiency of the inte-rcooler. ,.
I
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Inter co.olers made “of sheet metal may cozisist of al-
ternate layers of flat and ‘corrugated sheets. Each sec-
tion of corrugated sheet may be called a tu,be, and the
inter cooler is made Up ‘of alte”rnat~ co”oling-air and
engine-air tu%es.. part of the heat flow from the engine
air to the cooltng- air is parallel ta the” surface” of” the
corrugated sheet, then through the bond between the cor-
rugated. and $he flat, .S-ne.ets,and into the cooling air.
The surface-of t~e co~rug-ated sheet iS ca’lled the indi-
rect cooling surface, while the surface””:of the fla”t sheet
is called t-ne direct” cooling’ surfa”ce~ The ratio’ of in”-
direct to direct cooling surface-may ,be 5:1 or 6:1. The
coefficient of heat transfer of the corrugated material
may have an appreciable effect on the efficiency of this
intercooler. A sheet-metal intercoo16r installation of
early design made by the Harrison Radiator aivisior~ is
shown in figure 9.

Intercoolers are usually of the Cross-flow type, ‘
which means that the cooling air and the engine air do
not flow para.zlel to eac”h”’other.” The cro”ss-flow arrange-
ment is not tke ideal way to build a heat exck~anger be-
cause, since the heat transfer depends. upon the tempera-
ture difference between the cooling air and “the eagine
air, t-he heat flow iS unequal throughout, -the intercooler.
The greatest temperature ~ifference o“ccurs at the section
where both the cooling and the engine air me~ge as they
enter the tnte~;cooler,~- In a s~rniikr tiafine~ the least
heat flow occurs at the section where both the engine air
and the cooli~g air leave the intercooler. More.heat
transfer.psr cubic .inch of’”intertio~le”r-+ould bcc~ if the
engine ai~. ar+.d<the cooling air flowed opposite: and “paral-

;Y$f;ZuT*o”~E~Z;at e
but “in t?liE.’type’ of :cons~ructioti it is

the’cooling””~ir “and th& engine air
as they enteq .artd,leave” the interco~ler. -: “

.,, .. ...,-,.
Up until,thi present .time”constiuction -of .intercool-

ers has tended to follow the’method used in automobile ra-
diator praotice. The matedial used, is Qither copper or
brass dipped in solder. Copper and solder construction is
very heavy, and it has crnly been the Tack of demandl or pos-
sibly the lack .of initiative on the part of tlie intercool-
er manufacturers, that has d,elayed the develofi-ment and ,the
adaptation of l!ighter constriction. Th,e weight of an inter-
co.oler made o..faluniinua, for’ example, should be l“ess’than
ha,lf. the wei~ht of one made””of” copper. “ The difficulties
in aluminum construction have been due to a lack of a satis-
factory solder and to the difficulty of welding very thin

“,
.-..
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Surfaces. It may also be possible to &evelop intercool-
ers made of steel as well as of aluminum.

An intercooler is cho-s”en from certain specifications
that are set forth by both the airplane ‘and the engine

‘-manufacturer. The engine manufacturer specifies the
“engine air flow, the quantity, the temperature, and the
pressure;. and” the airplane manufacturer .s~ecifies the
cooling-air conditions avatla%le in flight. The data nec-
essary %0 enable one to choose an intercoaler for a par-
ticular izistall.atiom ‘are as follows:

Rate of. engine-air flow

Engine-air temperature and pressure entering
the lntercooler —.

Maximum allowable engine-air temperature
leaving the intercooler

Maximum pressure drop allowed through the
intercooler

Altitude

Coolin+i’i’r ,temperatuie’

Cooling-air. pressure drop available across
the intercooler

If the intercooler manufacturer is given th’is data,
he should be”.able..to ,spec$fy th%,dimensions and the
weight df th.~-intQr,coQlers ,that.~wi~l ,do the b.

P
Exper-

ience has’ shown, ho.weVer., that only an utiusu 1 installa~
tion will perzait t“he::3nter.coolers .to pe”~forrn as expected.
It therefo:r:e pa~s’ to. be somekhat. colris.,er’vatiiveand esti-
mate a so’me”what larger size rattier tk~n to try to keep
the inte’rcool.ers just as. small tis p“ossible. For example,
to be very safe :i,t is b,Qst to ,choose a cooling-air temper-
atur.eat lea=t -45° .T.above. standard to take care of hot-
weather flying”, temperature rise’due to adiabatic compres-
sion Lti the cooling-air duct,, and perhaps some radiation
or spillage of cooling air .~om the er@in&.- The inter-
cooler should not .be so large” as to entail considerable
extra weight to. take ca”re of some,, infrequent condition
when this cotidition ,canno.t cause damage to the engine.

.

.?

.

,

*
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It is current prac.tic.e t.o choo-ee an. inter cooler that
will permit an engine. to. ~eliver, its rated “power with
atmospheric temperatures about 306 F higher than standard
and with a presaurerdrop equivalent to 8 inches of water
at sea level. Under certa$n conditions tntercoolers
chosen on this basis would be too small, because at high
altitudes the climbing ”speeds would have to be very high
to permit the attainment of this pressure drop after the
duct losses are consider~. The engine manufacturer must
be careful that the operating conditions which he speci-
fies are the hardest ones for -the intercooler to meet.
The severest conditions dqqot necessarily occur at the
critical. altitude:and the highest impeller speed but may
occur at the altttude where any impeller speed gear ratio
is first engaged because” the atmospheric temperature is
higher at-thts..point and the temperature rise through the
supercharger. is approximately the same.as at the critical
altitude, : “It must always- be remembered that the inter-
cooler,di-scharge temperature should not be allowed to run
so high that,.th”e epgine w.i,ll detonate,

,,

The choice: of an intercooler .is always a compromise
between engine performance and weight, and the final an-
swer is obtained from experience gained In actual flight
tests.’ . . . . - .,

. . ‘.Positio”n Qf IntercQ..o”l0i.B . “
. . ,-. .-, -.

The position-” selecited for. ’th”e “
..

i.nterco.ol,ers dep”ends
entirely on the airplane. One of the parlyNa.vy two-
stage supercharger installations is shown in figure 10.
In this ca,se, the, engine-air. clucts-connect. t.?”a double
intercooler.hung’, ben”eath the, engine., There are really
two intercool.ere. in this installation, qlt.hou@ their
outlet ends” ~re” connected. to save space’.- Sip.c.e these
i.ntercool,ers hung. enbir”ely outside the; airplane, they
probably.c.aused, a .consi.derabl~ i.ncrea.~e ia drag. “-

,, - -- , -- . . .. .

If a down’d”raf.~ “carburetor is. us”ed, the. .intercoolers
will normally be -d,i-spos.edabove the center line and,. if
an updraft car~ureto~’,is used, the.,inter,c.oolers will nor-
mally be disposed below the center line,

... .
Some. air.p”ian=s have wings thick ,eno”u’g%to accommodate

the intercoolers inside the wingt .If .Ehis is not the case,
the intercoolers should be enclosed in the engine nacelle
or the fuselage to Yeduce. ,dr.ag.to, a. minimum. FigVre 11
6hows an “airplane .in.which. the interco.olers are enclosed
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on. either side of the engine below its c..enter line, an,d
the. cooling air for these inter coolers is obtained at the
leading edge of the nose cowl. $igure 12 shows another
installation on which the cooling air for the intercoolers
is taken through ehort scoops.

Intercooler Ducts

The purpose of the engine-air ducts Is to conduct”
compressed air to and from the intercoolers with minimum
pressure loss and alsoto distribute the air evenly to the
intercoolers so that they are used to their full advantage. c
It is generally good practice to keep the air velocity in
the engine-air ducts below 150 feet per second-$ although
this value may be exceeded in straight runs. “If the’ ve-
locity is kept low,’ losses due to ohang63 in direction
are not so serious. The loeses in a.duct may be caused
by too sudden changes in direction, too rapid” changes in
area, and irregularities in the walls. St has”been found
from experience that it is not difficult to keep the total
losses between the first-stage outlet and the carburetor
inlet to less than l+ inchee of mercury.

It is desirable to puti vanes in sharp bends” to reduce
velocity losses and to improve distribution, particularly
when theee bends are close to t“he intercooler, When the
vanes are installed mainly to obtain good distribution
over the intercooler face, they should be spaced not more
than,l inch apart.

The ducts connecting the intercoolers with the engine
must be heavy enough to withstand vibratlob and backfiring,
Flexible .connpction~ should be used “At frequent intervals
in the ductsr! and, it 3.s essential that flexible connec-
tions be used, in the engine-air ducts immediately before
and after,the inte’~coolers. These” connections will pre-
vent vibration of the ducts from being transmitted to the
intercoolers; Molded neoprene bootsstiengthened with
fabric have been found aatigfactory for these connection:.
It is advisable, although expensive; to mold a bea”d on
the edges of the boots to prevent Internal pressures from
pulling the ends out from under the hose c’lamps. Where
extreme flexibility is desired.,” a bellows section may be
molded in the connection.. : ,,.

.

The. equivalent free-passage a~ea “of $ntercoolers may
be ketween 15 percent and. 55 perc8fit of their frontal area.
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The. entrance of ~the cooling-air duct may therefore be
,.quite. small and still take. all the cooling air possible.
The entrance must be located .i.nsuch a pQsition that the
maximum”dynamic head-is available both in level flight
and in climb, Passages leading from the entrance to the
in.t.ercooler must be as straight as possible with gradual
expansion.to convert dynamic head into pressure hea& with
the lea’st turbulence. it is “good practice not to make the
included angle of the ‘duct walls greater than lCfO. T,hese
ducts are usually part of the airplane stru-cture and
their position should be considered during the initial
destgn stages of the airplane.

Intercooler Mounting

The sturdiest Intsrcooler is usually a very flimsy
affair, because it is made of thin material, and has to
be ,very carefully supported. Any. %racket soldered or fas-
#ened to part of the intercooler core is likely to crack
the core. If the intercoolers are made with %ntegral
engine-air ducts, it is usually preferable to make the
supports On the ducte rather than on the intercooler,
Iq,t.erco?lers are, nowada~s usually made with flanges that
c,an,be bolted” to the engine-air ducts and, if these
f}.ange.s ,.are“stiff enough, they may be used to support the
iqtercool.er. If the intercoolers are mounted directly on
the eng’i~e they “aro likely to shake off because of engine
v“ibr,ation, so: that it is usually desirable to mount the
interc,oolers on.,t’he airplane structure.

---
,:. .Backfire Valves ‘- ,,

,,
,H,i~~ pressure may be developed in the engine-air duct

ahead of “the carburetor because of backfire. With updraft
carburetor ‘in~”tallatioqs, fuel may spill Into the duct, giv-
ing an explosive mixture,that may. also cause high pressure
and wil’1] cause a fire, if. ignite”d. Ignition of this fuel
may be Prevented .by installing a s.uitab.le flame traP in
the system. Engine backfires may develop pressures as
high as 150 pounds. Per square .inch, and it ~is. impract..tcal
to design the duct heavy enough. to withstand this pressurei
Backfire valves should therefore be. installed near the
carburetor; these valves, when, blown open; will discharge
outside the engine cowling. A diagram of the backfire
valve used in Pratt & .W~itn:ey angin.e~-.is shown in figure
13* It consists of a movable cup sliding over a fixed
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pi,sto n”.‘ Thecllamber inside the cup ;S connected by a
small hole to the eng5.ne-ajn., duct so that. this chamber is
always at the sa”me pres”sure as that in the engine-air duct.
Thus the valve may be kept in position with a light epring
regardless of the difference between the +nterna.1 and the
external pressure. In cas’e of a sudden backfire the ‘rapid
increase in pressur6 cannot be ~ransmitted through the
small hole quiokly enough to equalize the pressure inside
the chamber, and there’fo’re the cup is b~own open and the
pressure inside the duc’t is released.

PERFORMANCE OF ENGINES EQUIPPED WITH

A TWO-STAGE SUFEi3CHARGER ‘

The.performance of a hypothetical qngine equipped
with a two-stage supercharger is shown in figure 140 The
supercharger. chosen for Lllust-ration is one with separated
stages where the first-stage impeller has two speeds and
a ‘neutral position and the second-stage impeller Qp5rates
at a fixed speed. The same general form of curve would.
be obtained from a cascade type,of supercharger operating
with a three-speed, drive. The supercharger has. automatic
control maintaining a constant preselected manifold pres-
sure below the critical alt’tiude at each condition.

—.
Three

sets o.f curves are showu: The upper. one is for ~ maximum
power rat=ing sometimes called military power; the middle
one is for rated power; and th~ lower curve i.s for cruis-
ing power. The .e.ngine opedates with its second stage only
from points l.to 3. From points ,3 to 5 the first stage
is operating at ,1OW speed, and from points 5 to 7 the
first stag? $s operating at high speed. Point 2 is the
critical altitude with only the second-stage supercharger,
point 4 is the critical altitude for the first stage in
low speed, and point 6 is the critical altitude for the

~ first stage in hi’gh speed. Between points 1 and 2 the
engine is taking its air from the interstage suction
valves atid the power will increase because of the decrease
in both carburetor-air temperature .and.’~xhaust back pres-
sure. At altitudes abov”e poi’nt 3, th’e air from the first

., st’age ie. intercooled but, between points 3 and6, a ohange
iri a.tmospher’ic temperattir’e:wil’l ”~ive abQut the same change
in carburetor-air tempe.riiuy’ej Thus’, th”e””pow~r will al”so

..-, increase between’ poin”ts ’z”and 4atid”points, 5:,and, 6 owing
to t-he decrease in ca-r.bu~~tofi-air ‘~empe;~”ture and ex”haust

back preseure, , .’ i ; , . .. t,.. .........._
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The dotted line passing through p“oints 2, 4, and 6
shows the performance when t-he engine is equipped with a
variable-speed drive for the first stage. Thus , the tri-
angles below the dotted lines represent the saving in
power that would be possible. The slope” of the dotted
line represents the net loss in bngine power due to the
power required to drive the sup”erch&rgerk

The-critical altitude of an engine with a two-stage
supercharger. as, of one with a single-stage supercharger,
depends entirely upon the rating selected. It is obvious
that the lower the power or the manifold pressure chosen
for a given supercharger speed, the higher the critical
altitude is going to be. It is also obvious that the
higher the supercharger speed, as determined by the engine
speed, the higher the critical altitude will be. The su-
percharger ta~es-,a:..lot “of power to drive it: and the
higher the supercharger speed, the less” the brake horsep-
ower left for driving thepropel”ler. The high-speed
supercharger also ‘req~ires more intercotiling, which re-
sults in increased dr~g~ and thus the’problem of select-
ing a rattng becomes v6ry “complex. The’ engine rating can
then be chosen only after careful consideration of all
factors. The sea-level rating of the engine being known,
the altitude rating may be a matter df ““selecting the alti-
tude at which the maxitium a’irplane performance is re-
quired; and the engtne power at altitude will be the sea-
level power. minus approximtit~ly the addi~iorial power re-
quired for superc%ar.ging. ‘ , “

,, . .

After- the al.titu”de perfortdance has ‘been kelected,
some meams nnxs”tbe provided for tiaintaining ~bis “,altitude
performance..’ Th”is performance is usually rnain.t~ined by
means of-an automatic” preesure control, as previously de-
ecribed. :This;,c”ontrol can opera-~e to maintaiti” constant
pressure,in- some par’t of the induction e“yetem after the
first-stage supercharger. If the ‘engine speed remains
constant, this operation will result in a more or less
constant manifold pres,suk”e.and c“onstant indicated horse-
power, Actu@Ily, since.thede~lce is a -preSsure control
and not a &ensity control, changes in atmospheric temper-
ature will cause changes. in engine harsepow~r. This con-
dition is not serious because, “aIthough a slightly lower
temperature will cause some “increase in eng”ine power,
this temperature may be beneficial in that then-tendency
for engine detonation iS reduc~dm Thus, the two ‘effects
will tend to counteract each ‘otliei for the-t”empe~ature

range actually ex.-perienced at any-fixed”a lt~tude;
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FLIGHT TESTING AND OFERATION
●

The actual performance of a two-stage supercharger
can be determined on a dynamometer stand equipped with
means of producing altitude conditions at the inlet and
the exhaust. I The performance can be determined also in
flight by means of-a torque meter for measuring power.
The performance in flight is us”u”ally found to differ con-
siderably from the performance on the dynamometer stand,
but the c“ause of these d“i:ffirences can sometimes be deter-
mined. In flight there ‘m&y” be enough ram produced in the
supercharger entrance to give 2000 or 3(500 feet more crit-
ical alt”itude. The difference. in the exhaust back pres-
sure’ produced by a collector will also tend to chafige the
performance slightly. T“he difference between cooling the
cylinder’s and the induction system on the stand and In
flight will also cause’ some difference in the performance.
It is very difficult: to me”asure true pressures and temper-
atures in. air dtictw”,’particularly those in which the air
is more or l“ess turbulent. Owing to the high over-all
compression ratio of. the two-stage supercharger, very
slight “ch’ang’eq‘in the inlet- system can produce quite
marked” changes “in “m”anifo~ti”d“emsityand resulting perform-
ance. Thus, a c“ohparistih ‘between dynamometer and flight
operat’i.on can n’@’ver be” extremely accurate.

..

Wlight tests are usually made to determine airplane
performance and, flight characteristics, Engine perform-
ance is usually obtained only to insure that the airplane
performance i’s trtily representative. Too frequently there
is not enoug”b:”t’”i.m’e’”tomake a thorough investigation of
engine ,pe;rf’or.m’kti5f3,and the lack o: ‘i~.fo_rmatiuon has. been
a han.d-ieap” to bokh. eng~nei ‘a-nd airplane manufacturers. If
two exper:i~ea%a:l b“irplanes-”co~ld. b%:built at once, it would
be a great adVarita~ge to use ona” fbr’-bngihe-pirformance
te”~t.~‘and the o“t”hek’for airplan@-”~@tifbrmance tests.

.. .. . , ..,..,..“,.

The op’er’at.ibn”of an engine with ‘a two-stage super-
charger in” fllght ~is essentially no different from that of
an en”gine with a single-stage superchakg’er. It is neces-
sarti,” howeve’b, %0” Obt@in a great dea”l more information
during” initial f.ligh’t tests of a ne’w model becauee the
engine per’forma.n’ce is’inf~luenced t“o “a great extent by the

,installat.ion it8el”f.’ It”“:ls’”n:ec;~ssaryto know whether or
not sati”s5a.cto.d y:%:nterco”Oli.tigt’s obta~n”ed, what the duct
losses are”, and wliet’he”r”th~ Smtoma:tic co%trols are “func-
tioning .ptioperly.::”In ordbk !tb’bb’t’ain this information,
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pressures and temperatures throtighout “the induction system
must be obtained; the diagram in figure 15 gives the loca-
tion for these test measurements. Thermocouples connected
to a selective switch and a potenti~me,ter may be used for
obtaining “temperatures. ~he static mre.ssures throughout
the system may be obtaine& by fastening fittings contain-
ing a No. 50 drill-size hole flush-with the inside of the)
ducts to a bank of valves in the cockpit. Total pressures
may also .be obtained from carefully located impact tubes
if the extra mgrk re,quired i.s warranted. A sensitive
manifold pressure gage may be used for reading the pres-
sures. The pressures that a“re read may -“not be very accu-
rate because of the- turbulence existing in t-ne ducts, but
they wil,l be satisfactory for all. practical. purposes and
will i.nd.icate whet-her or not the sizpercharger and controls
are functioning p,~operly. In order to obtain accurate
meas~rpment~,: total pressures would have to be ta’ken in
places where all turbulence had died out, which can only
be done by using straight sections ahead of the points of
measurement . ..

First flights for engine performance should%e made
to familiarize the;pilot with the operatian”.of the engine
and to determine whether or .adt the installation is func-
tioning properly. - ~~e next step is to determine t-he crit-

ical altitudes at t-he various engine ratings and this de-
termination can be made by.making.short~ level-flight
rums at several alt~tu~es at each supercharger speed.
After three or -four pqin$~ are;obtained”%elow and above
the approximate crit:c~~ altiittid~ for each speed, the
exact critical altitude. can be found %y”prdjectin”g the cor-
rected curves through these points. Inasmuch as the
critical altitudes are entirely determined by the setting
of the automatic cont,rol~, tihe controls. can be reset if
they differ too mu~k from the,desired values. If atmos-
pheric c~nditions .~iffer much from, standard (which is the
usual case) , corrections to both the supercharger and the
engine performance must be made before the true critical
altitudes can be determined. ..

.

Further %light-testing in both climb and level flight’
is required to omtain a complete picture of the engine
performance and to deter~ine whether or no-t the erigine
cooling and intercooling are satisfactory. It is advan-
tageous to make check runs ,on days with different temper-
ature conditions to insure that the installation will cool
in hot weather.
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All of this flight-testing is experisive and uses Up

—

value.ble,time, .freqve~t~y.del~~”ing ths-~elivery of the air-
“ plane. Experience has, shown., howeve”r, that it ‘must be

. done eventuall~;. so,. where .t.he saving of” time ins.of primary

“ importantie, more than’one experimental airplane should al-
ways be-built.

During the lagt few years, much progress has been
made in two-stage supercharging bgth for. t!he mechanical
and turbine drive types. The U. S. Uavyw realizing tha
possibility of t.wo.-stage superchargers sev.eral.years. ago,
has sponsored”a. great amount of development and flight-
testing since that time. photographs of two of the most
recent Navy airplanes with two-stage super~charg,ers are
shown in figures 16 and .17. Comparing these photographs
with those shown in figures 10, 11, and 12 illustrates
the progress made in “two-stage engine installations. .

CONCLUSIONS AND RECOMXENDATIO!S .

.

1. It will be seen from the forego.~ng discussion
that the two-stage mechanically driven supercharger itself

; is a comparatively simple device; and “it- is only th”e addi-
tion of intercoolers and controls that ,makes its installat-
ion any more difficult or complicated than that of a
single-stage supercharger. ,.These parts are usually adde~
more “fully h utilize the available per~rmance of the
two-stage supercharger. The installation of intercoolers
and ducts is not difficult, provided that it is based upon
flight-test experience.

2. The relative advantages of exhaust turbine-driven
and mechanically driven superchargers should be determined
in s,everal ,types of modern high-speed airplanes. Two of
each. type of airplane should be obtaiaed, one equipped
with an exhaust-driven and the “other with a mechanically
drive”n supercharger. The engines, the supercharger com-
pressors themselves and their installation, including in-
tercoolers, should be as nearly” alike as possiblei- The
available energy from” the turbine and engine exhaust
should ,be used to practical advantage in each case. .

.,
3. Supercharging re~uirements are increasing at such

a rapid rate that..the single-stage compressor will soon
fail to meet the demand for many types of-”f-lying.

*
Although
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supercharger research should .~ncrease the performance of
the single-stage compressor, radical changes with perhaps
an entirely different form of supercharger would be re-
quired to eliminate the necessity for two-stage centrifu-
gal supercharging. Two-s”tage &uperchargirtgj in its pres-
ent form must therefore be giv”en serious consideration
for most types of airplane if the present trend of engine
performance is continued.

Pratt & Whitney Aircraft,
East Ha=tford, Corm. , September 15, 1940.
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